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The Mott critical point between a metal and a correlated insulator has usually been studied via den- 
sity or spin density bosonic mode fluctuations according to the standard Ginzburg-Landau- Wilson 
phase transition paradigm. A moment's reflection leads to increasing doubts that such an approach 
should work as the transition is nonmagnetic, voiding the relevance of spin density modes. Charge 
density modes are irrelevant since the long range Coulomb interaction leads to a large plasmon 
gap and their incompressibility. In solidarity with these doubts, recent measurements of the Mott 
critical point in low dimensional organic materials yield critical exponents in violent disagreement 
with the bosonic mode criticality lore. We propose that fermionic fluctuations control the behav- 
ior of the Mott transition. The transition thus has an intrinsic quantum aspect despite being a 
finite temperature phase transition. We develop this hitherto unexplored physics, obtain experi- 
mental predictions and find agreement with one of the novel unexplained experimental exponents. 
We conclude that this Mott transition corresponds to a new universality class of finite temper- 
ature critical points that contains quantum effects and cannot be accounted for by conventional 
Ginzburg-Landau- Wilson wisdom. 

PACS numbers: 71.10.Fd, 71.10.Hf, 71.30.+h 



Strong Mott correlation physics is at the center of some 
the most spectacular and important phenomena in con- 
densed matter physics: quantum antiferromagnetism in 
low dimensions [1], high temperature superconductivity 
(high Tc cuprates)[2], heavy fermion behavior [3, 4], inter- 
esting phase competition and their concomitant quantum 
and classical phase transitions, etc. In particular, a very 
remarkable experiment was published recently [5]. The 
phase transition between a Mott insulating phase and a 
metallic phase was measured in the quasi-2D organic ma- 
terial /^-(BEDT-TTF)2Cu[N(CN)2]Cl (phase diagram in 
Figure 1). The importance of the measured properties 
of the Mott transition lie in its novel unexpected exotic 
nature. 

The critical exponents measured in the experiment 
are in violent disagreement with those obtained from any 
of the universality classes that follow from the Landau- 
Ginzhurg- Wilson phase (LGW) transition paradigm [6, 7]. 
This conventional and usually successful LGW under- 
standing of phase transitions gets critical properties from 
the fluctuations of order parameter bosonic modes. Even 
though the Mott transition occurs between a featureless 
correlated insulator and a featureless metal, interesting 
approximate mappings to the liquid-gas transition (Ising 
universality class) seem to lead to an LGW picture of the 
transition d, Q driven by particle density modes. 

In the Mott system, there are reasons to think that if 
an LGW picture is to work, the particle density modes 
would be the main players. The system consists of the 
fermionic quasiparticles and their quasi-bound state spin 
and particle density modes. Since there is no magnetism 
in either of the phases, spin density modes play no rule. 
This seem to single out density modes as the only possible 



candidates for LGW physics for the Mott transition. On 
the other hand, complete disagreement of predicted ex- 
ponents from measured ones [5] points to the irrelevance 
of density modes and toward the Mott transition being 
a completely novel universality class. 
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FIG. 1: Pressure-temperature phase diagram of the family of 
compounds a^-(BEDT-TTF)2X studied by F. Kagawa, et al. 
on reference [5]. The measurements focused on the member 
A>:-(BEDT-TTF)2Cu[N(CN)2]Cl. 

With the hindsight of the experimental disagreement 
with density mode LGW physics, we can find important 
physical reasons as to why the density modes should 
be irrelevant at the transition. In electronic systems, 
proper determination of the effects of the long range 
Coulomb interactions of mobile electrons in a background 
of very heavy positive ions leads to a large plasmon gap, 
and thus to incompressibility for long wavelength den- 
sity modes, with a leftover short range interaction be- 
tween the electron-like and hole-like quasiparticles in a 
metal[loj. Such a short range interaction justifies the ne- 
glect of the long range Coulomb interaction among quasi- 
particles as it has been canceled via screening effects. 
Neglect of such long range effects in the interactions be- 
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tween density modes is incorrect as the plasmon gap is 
large and prevents the long wavelength density modes 
from becoming soft and playing an important role in the 
transition. 

On the face of the experimental irrelevance of spin and 
particle density bosonic modes as drivers of the transi- 
tion, we identify the quasiparticle fermionic degrees of 
freedom and their fluctuations as the main actors driv- 
ing and determining the Mott critical transition. The 
fermionic quasiparticles are the only remaining modes in 
the system^, that can play a role at the transition. We 
see that even though the Mott transition we are consid- 
ering is a finite temperature transition, fermionic quasi- 
particles and thus their statistics, play an essential role 
at the transition. 

More importantly fermionic fields cannot acquire a 
nonzero macroscopic average as no two of them can oc- 
cupy the same quantum state; fermions cannot be or- 
der parameters. Thus despite being a finite tempera- 
ture transition, the Mott transition contains an essential 
quantum aspect to it stemming from the relevance of 
fermionic quasiparticles and contains no order parame- 
ter physics. Transitions of this type, finite tempera- 
ture but with an essential quantum aspect to them, are 
completely novel, are not compatible with the Ginzburg- 
Landau- Wilson paradigm^, They have hitherto never 
been studied. 

In order to study more quantitatively the Mott transi- 
tion, we start from the partition function for the Hubbard 
model: 
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where a =t,i represents the spin and a is the lattice 
spacing. The Mott critical point will occur at critical 
values U = Uc^ T = Tc. The Hubbard interaction is 
somewhat inconvenient to manage due to its quartic na- 
ture. It can be written more conveniently with the help 



^ The density and spin density modes, while not driving the tran- 
sition, do play an indirect but not unimportant role as they can 
mediate interactions between the fermionic quasiparticles. With- 
out such an interaction, no transition would be possible. 



of a Hubbard- Stratonovich decoupling leading to 
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where we have defined n{x) = n^{x) + ni{x) and s{x) = 
n^{x) —ni{x). The partition function is that of fermions 
interacting with bosonic fields that correspond in a sense 
to particle and spin density modes {ip and a). This is 
an exact partition function for the Hubbard model and 
gives the correct description of its different phases and 
phase transitions. 

The Hubbard interaction generates an effective inter- 
action between particle and holes and spin density and 
density modes, as shown diagrammatically in Figure [2l 
given by 
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FIG. 2: Feynman diagrams representing the interaction of 
fermions with spin density and density fluctuations. Straight 
lines represent fermions, zig-zag lines represent spin density 
fluctuations and wavy lines represent density fluctuations. 
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where gp = ga = {Uo?)/{2h) = grs and bosonic Mat- 
subara frequency cOn = 27TnT/h. The dynamics of the 
collective modes and their effective interactions with the 
quasiparticles are equivalent to, and take the place of, the 
Hubbard interaction. The Hubbard interaction between 
fermions generates also dynamics for density modes and 
spin density modes via fermionic fluctuations. In fact, 
particle-hole fluctuations of the form illustrated by the 
Feynman diagrams in Figure [3] generate a term in the 
Boltzmann weight of the partition function or effective 
"Euclidean action" S describing the dynamics of the 
short range density and spin density fluctuations induced 
by the onsite repulsion. 

The effective theory of the system consists of metallic 
fermions, density and spin density modes, and the inter- 
action between these collective modes and the fermions 



FIG. 3: Fermion fluctuation responsible for generating den- 
sity and spin density fluctuations dynamics. The solid line 
represents the fermions, the wavy lines are density fluctua- 
tions and the zig-zag lines are spin density fluctuations. 



with strength Qrs • Single particle or hole fluctuations will 
dress or renormalize the interactions between the density 
modes and the fermions, either enhancing or diminishing 
them. Processes of the form shown in Figure 2] change 






FIG. 5: Feynman diagrams representing the self energy cor- 
rections to the quasiparticle propagator due to density and 
spin density fluctuations. Straight lines represent fermions, 
zig-zag lines are spin density fluctuations and wavy lines are 
density fluctuations. 
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FIG. 4: Feynman diagrams representing the renormalization 
of the interaction of fermions with spin density and density 
fluctuations. Straight lines represent fermions, zig-zag lines 
are spin density fluctuations and wavy lines are density fluc- 
tuations. 

the value of the effective coupling constant grs- 

When we consider large momenta or small distance 
fluctuations, i.e. those between the microscopic momen- 
tum cutoff A (taken to be the inverse lattice spacing 1/a) 
and a lower cutoff /i, processes of this type give a renor- 
malized coupling constant appropriate to the distance 
scale l//i. 
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The thermodynamic long wavelength behavior follows 
from the small momentum (/i 0) behavior of the 
renormalized coupling constant. For {g^s) < 9c = 
3T^/{47r^h'^mVpA^S4), the coupling constant is finite 
and the system is in the weakly interacting metallic 
phase. The divergence at grs = gc identifies one of the 
conditions for the Mott transition: the divergence of the 
renormalized coupling constant. The Mott critical point 
occurs for = m^K^gl = 3T^ /{Tr^mvj,). 

The divergence of the renormalized coupling constant 
is not enough to uniquely fix the Mott critical point. The 
missing ingredient is the behavior of quasiparticle mo- 
tion and dynamics. The quasiparticle dynamics follows 
from its Green's function, which in the metallic phase is 
G{k^ix}n) = {—ioOn -\-VFk)~^^ with fermionic Matsubara 
frequency ujn = (2n + l)7rT/h. The fermionic Green's 
function is renormalized by fluctuations of density and 
spin density modes as illustrated in Figure [5l which pro- 
vide a self energy correction to the fermion propagator 



leading to a renormalized quasiparticle propagator 
G{k^uOn) — {—i^n + ^rk — E^)~-^. This renormalized 
propagator has standard form with a renormalized Fermi 
velocity Vp{/j.) and a renormalized quasiparticle weight 
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At long wavelengths, = 0, we see that the renormalized 
Fermi velocity can be zero for a critical value of Qrs 
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This corresponds to a Fermi surface instability as the 
electrons immobilize and get localized. This vanishing 
of the Fermi velocity is equivalent to a divergence of the 
renormalized mass as seem from Vp{/j.) = hkp /m^{/j.). 
Furthermore the quasiparticle weight Z{jj.) vanishes at 
/i = together with the vanishing of the Fermi velocity. 
The two conditions for the Mott critical point, the van- 
ishing of the renormalized Fermi velocity and divergence 
of the renormalized coupling constant, need not be com- 
patible. Making them consistent uniquely fixes the Mott 
critical point to occur at Tc (xUc oc rnvj^. 

If we fix the temperature and coupling constant to 
their critical values, the renormalized Fermi velocity and 
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spectral weight at momentum scale k are Z{k) :^ k/A 
and Vp{k) vpk/K leading to a quasiparticle prop- 
agation amplitude G{k^Un) — /c/ [A(— iojn + '^f^^/A)] 
Therefore we predict that at the novel Mott critical point 
recently measured[5], quasiparticle dispersion as mea- 
sured via photoemission experiments will correspond to 
quadratically dispersing gapless fermions. In fact, the 
retarded Green's function to be extracted from photoe- 
mission is 



G{k^ uo) = i 
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The picture of the Mott transition that we have 
just obtained is that of metallic fermionic quasiparti- 
cles linearly dispersing perpendicular to the Fermi sur- 
face, which morph into gapless quadratically dispers- 
ing fermions which open a gap continuously as the sys- 
tem is tuned to the Mott insulating side. Furthermore 
Z(0) - T - Tc and Z(0) ^U-Uc near the Mott critical 
point. We thus also predict that the spectral weight at the 
Fermi level as measured by photoemission will go to zero 
linearly in the temperature deviation from criticality. 

One of the measured [5] novel exponents was that the 
deviation of the conductance from the critical conduc- 
tance scales linearly with T — Tc. The conductivity of 
the system can be obtained from density or current fluc- 
tuations, which follow from the fermionic quasiparticles 
susceptibility via linear response theory 
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The non-dynamical conductivity or conductance is given 
by the long wavelength and small frequency limits of the 
dynamical conductivity. The scattering rate, or inverse 
mean free time, introduces a frequency scale uo ^ 1/r 
below which the physics described by the conductivity is 
vitiated and smaller frequencies are unavailable. Simi- 
larly, the mean free path introduces a momentum scale 
k ~ l/l. The conductance is then 
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In general the conductance is the sum of two conduc- 
tances: that originating from scattering of impurities and 
that originating from scattering of phonons. Since im- 
purities are fixed in space, such scattering has a fixed 



mean free path /, with scattering time subservient to / 
via r = l/vp' The contribution to the conductance from 
impurities has the form Gimp ^ vpTn. Since the renor- 
malizations oi vp and m cancel among themselves, this 
conductance is both constant in the metallic phase and at 
the Mott critical point. There is also a conductance aris- 
ing from phononic scattering. Scattering from phonons, 
being a dynamical process, introduces an intrinsic scat- 
tering rate 1/r with the mean free path enslaved to it 
via / = vpT. Therefore, the conductance arising from 
phonon scattering has the form Gphn ^ v'^mr^ which 
vanishes at the critical point as T — Tc. 



Since the total conductance is G = Gimp + Gphm the 
critical conductance is constant, arising from impurity 
scattering and thus nonuniversal. We predict the critical 
conductance to he material dependent. The deviations 
from the critical conductance for temperatures near Tc 
arise from phonon scattering. These deviations from the 
critical conductance vanish linearly with T — Tc in dis- 
agreement with conventional LGW wisdom, but in agree- 
ment with experiment [HI . 



We thus conclude that our development can account 
correctly for at least one of the non-LGW exponents and 
thus points toward the Mott critical point corresponding 
to a new universality class that, despite being finite tem- 
perature, is controlled by an essentially quantum aspect, 
fermionic fluctuations, and falls out of the reach of the 
Ginzburg- Landau- Wilson paradigm. 
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